A dolescent idiopathic scoliosis (AIS) is defined as 3-dimensional deformity with a structural, lateral, rotated curvature of the spine that arises in otherwise healthy children at or around puberty.
in the coronal plane has long been considered as the most important parameter for evaluation of treatment outcomes. However, the sagittal alignment and its change after surgery has gained more and more attention, especially when evidence suggests that correction of the coronal plane and the transverse plane using segmental pedicle screws comes at the cost of thoracic kyphosis (TK) sacrifice. 27, 35 Thoracic hypokyphosis is a well-acknowledged characteristic of sagittal alignment of AIS patients in previous studies. 26, 42 Even though there is insufficient evidence showing that it affects the quality of life of patients with AIS in the short term, a further decrease of TK after surgery is associated with increased risk of adjacent-segment disease and is a potential cause of compensatory decrease in lumbar lordosis and related adverse consequences, including disc degeneration, positive sagittal balance, back pain, and related poor quality of life with age. 11, 12, 14 It is reasonable to pay attention to TK restoration during surgery for main thoracic curve AIS.
Many factors can affect the correction outcomes of AIS. 7, 27 Curve magnitude, points of fixation, selection of instrumented level, and especially curve flexibility have been reported to be of great importance. 22, 32 Implant density is a focus of recent studies focuses due to the high economic cost and related complications. 16 , 43 Inconsistent results have been reported regarding the correlation between screw density and correction outcomes.
3, 10, 16, 38 Although most surgeons would agree that placing 2 pedicle screws at every level fused is usually unnecessary for coronal curve correction, 4, 7, 17, 21, 25 the optimal implant density remains unknown. Especially when the sagittal plane has to be taken into consideration, to the best of our knowledge, insufficient evidence of optimal implant density is available to help with decision making.
Rod biomechanical properties represent another important factor influencing correction outcomes. Theoretically, a larger and stiffer rod would have greater ability for correction in the coronal and sagittal planes, based on biomechanical studies. 5, 16, 36 However, results from different clinical studies have not been in accordance. For coronal plane correction, insufficient evidence was found to support the hypothesis that better correction would be provided by high rod stiffness. 1,9,31 As regards sagittal plane correction, limited data have shown that a stiffer rod could provide better TK restoration, but contradictory results have also been reported. 6, 10 Optimal rod properties providing the best coronal correction and sagittal alignment control require further exploration. Moreover, since pedicle screws are fixed to the rod and the two ultimately work together as a single biomechanical construct, it would be helpful to explore whether different rod stiffnesses along with different screw densities provide different correction outcomes.
The purpose of the current study is to evaluate the effects of rod stiffness along with screw density on coronal and sagittal plane correction in patients with main thoracic curve AIS.
methods
Approval of the institutional review board of the First Affiliated Hospital of Sun Yat-sen University was obtained prior to the current study. All cases in which patients with main thoracic adolescent idiopathic scoliosis underwent single-stage posterior-only correction and instrumented spinal fusion with pedicle screw placement at First Affiliated Hospital of Sun Yat-sen University between July 2009 and July 2012 were retrospectively reviewed. Only cases of Lenke Type 1 main thoracic curve scoliosis were included for analysis. All patients included had at least 1 year of follow-up. Patients who underwent an anterior approach or anterior-posterior approach or were treated with other implant materials were excluded. A total of 77 patients were included (56 female and 21 male; 72.73% female). The mean duration of postoperative follow-up was 1.38 ± 0.52 years. The patients' mean age at surgery was 15.79 ± 3.21 years. Of the 77 patients, 61 had a lumbar "A" Lenke modifier, 16 had a lumbar "B" modifier, and none had "C" modifiers (Table 1) .
A complete radiographic series consisting of pre-and postoperative radiographs (standing whole-spine posteroanterior and lateral view radiographs, supine right and left bending radiographs) was obtained. Radiographic data were digitized and stored by PACS (picture archiving and communication system, Shenzhen Annet Information System, China). Preoperative and 1-year postoperative parameters were measured and analyzed as previously described. 33 The measured parameters included the coronal Cobb angle of the main thoracic curve, bending Cobb angle of the main thoracic curve, sagittal Cobb angle of the main thoracic curve, pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS), T5-12 thoracic kyphosis (TK), thoracolumbar kyphosis (TLK), lumbar lordosis (LL), sagittal vertical axis (SVA), number of pedicle screws, and number of vertebrae fused. The following two ratios were also determined as previously described in the literature: 3, 21, 24 Flexibility of thoracic curve (%) = (preoperative coronal Cobb angle -side-bending Cobb angle)/preoperative coronal Cobb angle × 100%.
Immediate coronal/sagittal plane correction rate (%) = (preoperative Cobb angle -postoperative Cobb angle)/preoperative Cobb angle × 100%. Implant density was expressed as number of screws per fusion segment × 2. Screw densities of < 0.60 and ≥ 0.60 were defined as low density and high density, respectively. Titanium rods of 5.5 mm and 6.35 mm diameter were defined as low stiffness and high stiffness, respectively, according to the literature. 1, 5, 36 All cases were divided into 4 groups: Group A, low-stiffness rod with low density of screw placement; Group B, low-stiffness rod with high density of screw placement; Group C, high-stiffness rod with low density of screw placement; Group D, high-stiffness rod with high density of screw placement.
Operation technique
All the surgeries were performed in a single medical institution by one of two senior surgeons with similar training. The main thoracic curve was treated with selective thoracic fusion. Fusion-level selection criteria were as described previously. 8, 19 Briefly, the upper instrumented vertebra in patients with level shoulders was to T-3 or T-4; for patients with left shoulder elevation, fixation was extended to T-2. The lowest instrumented vertebra was the lowest vertebra touched by the central sacral vertical line.
All patients underwent posterior surgery under general anesthesia with spinal cord monitoring of somatosensory evoked potentials and motor evoked potentials. The operations were performed through a standard posterior midline incision. Bilateral pedicle screws were inserted with the freehand technique with the assistance of C-arm fluoroscopy. Screw diameter and length were evaluated preoperatively by the CT scan and measured intraoperatively. Multi-axial screws were inserted at the apical area of the curve, and mono-axial screws were inserted at the other segments. The en bloc rod-rotation technique was applied for the scoliosis correction. A 30° pre-contoured rod was inserted at the concave side first. The rod-contouring procedure was performed intraoperatively by the surgeons with the guidance of a pre-contoured rod model of a tangential angle of 30°, after the rod length was measured for each individual patient. The pre-contoured rod model was made preoperatively as described in the literature. 5, 36 After the concave rod was engaged in all anchors, rod rotation instruments were attached to the rod. An assistant pushed down on the convex ribs, and the surgeon rotated the concave rod approximately 90° in the direction that would reduce the rib prominence. The two maneuvers were done simultaneously. Set screws were then tightened on the concave rod, holding the curve in the position achieved. 17 A convex rod was then applied to stabilize the correction. A distraction maneuver was additionally applied on the concave side for further correction.
Statistics analysis
Data were analyzed using SPSS 18.0 (SPSS, Inc.). Comparison was performed using 1-way ANOVA and the Wilcoxon rank-sum test. Data were presented as mean value ± standard deviation, and p < 0.05 was considered to indicate statistical significance.
results
Before surgery, the overall mean value (± SD) for the Cobb angle of the end vertebrae on standing radiographs (a measure of deformity in the coronal plane as) for all 77 patients was 49.18° ± 13.29°. The mean value for flexibility of the curve was 44.38% ± 20.58% based on push-prone radiographs. The mean implant density was 0.59 ± 0.09. Table 2 shows the mean values for coronal flexibility and coronal plane correction in each group. No significant between-group differences were found in preoperative coronal Cobb angle, flexibility, postoperative coronal Cobb angle, or coronal correction rate. Table 3 shows the mean sagittal correction rates for each group before and after surgery. Group A showed a significant decrease in mean sagittal Cobb angle after surgery (preoperative Cobb 22.74° ± 7.10° vs postoperative Cobb 13.80° ± 5.31°, p < 0.05), while Group D showed a significant increase mean sagittal Cobb angle after surgery (preoperative Cobb 22.02° ± 7.80° vs postoperative Cobb 27.08° ± 5.70°, p < 0.05). Groups B and C showed no significant differences in sagittal Cobb angle before and after surgery. Although there was no significant difference in mean preoperative values for sagittal Cobb angle, between-groups comparison of postoperative values showed that the mean postoperative sagittal Cobb angle for Group A (13.80° ± 5.31°) was significantly smaller than the corresponding values for Groups B, C, and D, and the mean postoperative value for Group D (27.08° ± 5.70°) was significantly larger than the corresponding values for Groups A, B, and C. The sagittal correction rate was highest in Group D (36.97% ± 10.70%) and lowest in Group A (−29.57% ± 11.37%). Table 4 shows the mean values of sagittal parameters for each group before and after surgery. Group A showed significantly decreased TK after surgery (preoperative TK 22.36° ± 8.05° vs postoperative TK 11.72° ± 3.30°, p < 0.05), while Group D showed significantly increased TK after surgery (preoperative TK 21.41° ± 7.99° vs postoperative TK 27.31° ± 7.64°, p < 0.05). Groups B and C showed no statistically significant differences between pre-and postoperative mean values for TK. Compared with the other groups, Group A showed a significantly lower mean postoperative TK value (11.72° ± 3.30°) and Group D showed a significantly greater value (27.31° ± 7.64°), although there were no statistically significant between-group differences in preoperative TK values. The TK restoration rate was highest in Group D and lowest in Group A (Group A, −39.32% ± 7.65%; Group B, −0.37% ± 8.25%; Group C, −4.04% ± 6.77%; Group D, 37.59% ± 8.53%). Group A showed significant decreased LL after surgery (preoperative LL 42.78° ± 12.00° vs postoperative LL 37.14° ± 9.99°, p < 0.05). No significant differences were found with respect to the other sagittal parameters (TLK, PI, PT, SS, and SVA) either between pre-and postoperative measurements or between groups.
comparative Study of coronal correction Outcomes
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comparative Study of concave-and convex-Side Screw density Table 5 shows comparison of concave-and convex-side screw density in each group. As might be expected given the grouping method, Groups B and D showed significantly higher total screw density. In all groups, screw density was significantly higher on the concave side than on the convex side.
discussion
Main thoracic curve (Lenke Type 1) AIS is the most common type of AIS. 18 The main surgical goal in treating patients with this condition is to recover the trunk balance and correct the deformity.
40
Major curve correction in the coronal plane has long been the main focus of AIS correction. In the current study, the mean correction rate in the coronal plane, for all 77 patients, was 81.45% ± 7.51% (Table 2) , which was similar to previous findings. 15, 31, 41 Furthermore, no significant differences in mean coronal correction rate were found among the 4 groups with different rod stiffness or screw density, suggesting that the less stiff rod (5.5 mm titanium) and lower screw density (< 0.60) were able to provide enough coronal correction, and higher rod stiffness and screw density did not improve the coronal correction outcome. These findings were in accordance with most previous studies.
3,21,32 It may be explained by the concept that curve flexibility of the deformed spine is the most important key factor determining the correction outcome in the coronal plane. 24, 41 To confirm this concept with our own data, we compared curve flexibility among the 4 groups; no significant differences were found. The results of the current study indicate that for a flexible main thoracic curve, rods with high or low stiffness combined with high or low screw density could provide effective correction in the coronal plane.
Sagittal balance and related quality of life have gained increasing attention in recent years. Thoracic hypokyphosis is a main feature of sagittal alignment for most patients with Lenke Type 1 AIS. 34, 44 In the cases evaluated for the current study, the patients had less thoracic kyphosis than individuals without AIS, similar to reports in the literature. 26, 42 It has been noticed that posterior correction using segmental pedicle screw instrumentation can result in a further decrease in TK, because of various factors, including prone positioning, compressing maneuver, direct vertebral de-rotation, etc. 23, 27, 30, 39 Although so far there is insufficient evidence showing that this further decrease of TK after surgery affects the quality of life in patients treated for AIS, it may still increase the risk of adjacent-segment disease and be a potential cause of iatrogenic loss of lumbar lordosis. Adjacent-segment disease, including cervical kyphosis and junctional kyphosis proximal to the fused thoracic spine, was found to be related to TK decrease after AIS correction, especially when pedicle screw instrumentation was used. Iatrogenic loss of lumbar lordosis and related flat-back syndrome are usually discussed when the lumbar spine is involved in fusion surgery, but decrease of lumbar lordosis in the unfused lumbar spine due to TK decrease has been recently noticed, and it may be considered a different kind of iatrogenic flat back. 27, 30 Adverse consequences like disc degeneration, positive sagittal balance, back pain, and related loss of quality of life could be reasonably predicted with age. 11, 12, 14 It is reasonable to pay more attention to TK restoration in order to minimize the adverse effects of its decrease when correcting the coronal deformity. 15 From this point of view, the patients included in the current study who had sagittal modifiers "-" or "N" and whose preoperative TK was less than that of the normal population can be considered as the same population requiring TK maintenance or restoration. The effect of implant density on sagittal plane correction and TK restoration has been reported in only a few studies, and the results have been inconsistent.
3,25,32 Quan and Gibson 32 and Bharucha et al. 3 showed no correlation between screw density and sagittal plane correction. On the other hand, Suk et al. 37 reported good TK restoration in both high-and low-density groups, whereas Clements et al. 6 reported decreased TK with increased implant density. In the current study, higher screw density in the setting of the same rod stiffness provided better TK restoration than low screw density (Group A vs Group B; Group C vs Group D) ( Table 4 ), suggesting that screw density had a positive effect on TK preservation. Since the rod rotation maneuver was performed using the concave rod, we further investigated if the screw density on the concave side differed among the groups. Our results showed higher concave-side screw density in both groups with high-and low-stiffness rods, but no significant differences of convex-side screw density between these two groups. Our results showed that the screw density was significantly higher on the concave side than on the convex side in all 4 groups, but there was no significant difference in convex-side screw density between patients treated with lowstiffness rods and those treated with high-stiffness rods (i.e., Groups A and B vs Groups C and D). This finding indicated that concave-side rather than convex-side screw density had an impact on TK restoration. It supports the importance of concave-side implant density on TK restoration reported by Cidambi et al. 5 and La Rosa et al. 15 A possible explanation could be that the increased friction at the screw-rod interface that occurs with higher screw density would prevent flattening of the contoured rod in the sagittal plane after rod rotation (Fig. 1) .
Rod stiffness determines the ability of a rod to exert corrective force and retain the pre-contoured shape to achieve and maintain deformity correction.
1, 36 However, most studies were biomechanically based, and only limited clinical studies have reported the effect of rod stiffness on sagittal correction.
2, 28 Cidambi et al. 5 found that the shape of the pre-contoured rod is associated with TK preservation; Abul-Kasim et al.
1 indicated that increased rod stiffness could improve TK restoration. Similarly, results of the current study showed that in the setting of similar screw density, a stiffer rod provided better outcome with respect to TK restoration (Group A vs Group B, Group C vs Group D; Table 4 ). Rod stiffness is basically determined by the rod material and diameter. However, the number of pedicle screws attached to the rod and the distance between pedicle screws also affect the overall rod-screw construct stiffness. 36 This explains our result that higher screw density with a less stiff rod construct could achieve similar TK restoration to less screw density with a stiffer rod construct (Group B vs Group C, Table 4 ).
In the current correction system, by using the concaveside en bloc rod rotation maneuver for the correction, the pre-contoured curvature of the rod is to be rotated from a coronal plane to a sagittal plane (total rotation of approximately 90°). During this procedure, the scoliotic (in the coronal plane) spine is supposed to follow the shape of the rod and become straight (in the coronal plane) and more kyphotic (in the sagittal plane), according to the design of this maneuver. However, the deformed spine tends to 0.74 ± 0.14 †* 0.55 ± 0.14 0.66 ± 0.06* maintain its original shape due to resistant forces generating from the connecting elements (facets, intervertebral discs, rib cage, deformed and fused segments, soft tissue, etc.) and attempts to make the rod follow the shape of the spine (curved in the coronal plane and less kyphotic in the sagittal plane). Theoretically, it is these two counter forces that determine the final correction outcome. The former one is the corrective force exerted from the stiffness of the rod; the later and opposite one is the resistant force from the deformed spine. The two forces acting on each other through the anchoring screws are converted into the pullout force. The stiffer the rod, the more corrective force it exerts. If this corrective force is stronger than the resistant force from the spine and greater than the pullout force from the screw-bone interaction, the spine will follow the shape of the rod. If, on the other hand, the resistant force from the spine is greater than the corrective force, the contoured rod will follow the shape of the spine, resulting in insufficient sagittal plane correction (Fig. 1) . Since pullout forces are significantly reduced by the addition of anchor points, it is reasonable to assume that more screws are needed when a pre-contoured rod with high stiffness is used to achieve better TK restoration. 5 This explains our finding that both screw density and rod stiffness affected the TK restoration outcome. In the current study, a highstiffness rod with high screw density (Group D) provided better postoperative sagittal correction by providing better biomechanical properties to maintain the pre-contoured rod shape. As a result, the mean postoperative TK using this construct was close to the pre-contoured value (26.26° vs 30°). A low-stiffness rod with high screw density and a high-stiffness rod with low screw density was able to retain the preoperative TK, whereas the combination of a low-stiffness rod and low density of screw placement was not sufficient to prevent postoperative TK decrease.
In clinical practice, when using the concave-side en bloc rod rotation maneuver to correct a main thoracic curve AIS, rods with different stiffness along with different screw density could be considered. Since the use of a stiffer rod with higher screw density on the concave side can provide effective correction in the coronal plane and provide a higher corrective force to achieve and maintain better sagittal TK restoration, it is a reasonable choice for a relatively more rigid curve with thoracic hypokyphosis or even lordosis. With higher screw density, there should be less possibility of screw pullout or implant failure, and a protective procedure like sequential tightening of set screws from the ends to the middle could be used. 5, 15 For a relatively more flexible curve with normal TK, a less stiff rod with higher screw density or a stiffer rod with lower screw density on the concave side can be chosen based on the bone quality and anatomical risk of screw misplacement. For a relatively more flexible curve with thoracic hyperkyphosis, a less stiff rod with low screw density combined with certain release procedure for the posterior column may be used to obtain effective coronal correction and, meanwhile, hyperkyposis correction. As regards the increased financial cost, surgical time, and risk of implant-related complications associated with greater screw density, using fewer screws in the convex side could be considered, as this should not affect the correction outcome.
Limitations of the current study include the nonprospective controlled design, inclusion of only patients with main thoracic curve kyphosis, lack of long-term followup, and small sample size. Due to the limited sample size, analysis of subgroups with different sagittal modifiers could not be conducted in the current study. Patients with a sagittal modifier "+" represent a subset requiring different management of TK and are not included in the current study; a future study focusing on these patients could be performed separately. Biomechanical studies and a prospective randomized controlled study with a larger sample size are further needed to confirm the preliminary observations and theoretical hypothesis of the current study.
conclusions
For flexible main thoracic curve AIS, both rods with high and low stiffness, combined with high or low screw density can provide effective correction outcome in the coronal plane; use of a rod with high stiffness along with high screw density in the concave side may provide a better outcome of sagittal thoracic kyphosis (TK) restoration. These two forces act on each other via the pedicle screws and convert into pullout force. The stiffer the rod, the more corrective force is exerted by the rod. If this corrective force is stronger than the resistant force from the spine, and greater than the pullout force from the screw-bone interaction, the corrective force would be applied on the spine and the spine would follow the shape of the rod. This diagram also illustrates the flattening of the rod if resistant force is greater than corrective force (dotted line and asterisk).
